lysyl oxidase ͉ preadipocyte ͉ Smad4 ͉ adipogenesis ͉ differentiation
O
besity is accompanied by an increase in the size and number of adipocytes (1, 2) . The rise in adipocyte number is the result of: (i) recruitment of new preadipocytes from the population of mesenchymal stem cells (MSCs) in the vascular stroma of adipose tissue (3), and (ii) ''mitotic clonal expansion'' of the preadipocyte population during differentiation (4) . Pluripotent MSCs have the potential to undergo commitment into adipocyte, myocyte, osteocyte, or chondrocyte lineages (5) . The developmental pathway that gives rise to mature adipocytes involves 2 distinct stages: commitment and terminal differentiation. Although the sequential steps of terminal adipocyte differentiation have been clearly defined (6) (7) (8) , the steps in commitment of pluripotent stem cells to the adipocyte lineage have not. In the former case, the 3T3-L1 preadipocyte model system has been particularly useful, because the synchronous steps in the differentiation process can be resolved in cell culture (6) . Likewise, the C3H10T1/2 cell line constitutes a reliable MSC model cell system for the study of stem cell commitment to the adipocyte lineage (9, 10) . This cell line represents an earlier developmental stage than that of the 3T3-L1 line, but when appropriately induced or genetically manipulated, has the capacity to undergo commitment to cells with the characteristics of preadipocytes (11) (12) (13) (14) (15) .
An independent line of investigation supports the role of bone morphogenetic proteins (BMPs) in the commitment of pluripotent stem cells to the adipocyte lineage (14) . Thus, brief treatment of proliferating C3H10T1/2 stem cells with an inhibitor of DNA methylation (5-azacytidine) produced clonal lines with preadipocyte characteristics, i.e., capable of differentiating into adipocytes when subjected to differentiation inducers without exogenous BMP. Remarkably, such cell lines express/secrete BMP endogenously during the time window in which BMP4 must be exogenously supplied to ''naive'' C3H10T1/2 stem cells to induce adipocyte commitment. The requirement for secreted BMP4 in the commitment process was verified by the finding that exposure of ''committed'' C3H10T1/2 cells to noggin, a naturally occurring BMPbinding antagonist, during this critical time window blocked subsequent differentiation. The BMP4 gene locus in naive C3H10T1/2 stem cells possesses a highly methylated region of CpG islands, whereas this region in committed C3H10T1/2 cells possesses fewer methylated Cs (14) . This difference correlates with a switch in BMP promoter usage (promoter 1B to promoter 1A) during commitment induced by the methylation inhibitor, suggesting that a change in methylation status renders promoter 1A more accessible for transcriptional activation (14) .
BMPs signal through 2 receptor types, BMPr1 and BMPr2, which form cell-surface complexes with serine/threonine kinase activity (16, 17) . Binding of BMP to the BMPr1:BMPr2 complex induces phosphorylation; thus, activating the BMPr1 kinase. Two types of BMP-induced signaling pathways are known, the Smad and p38 MAPK pathways. In the former case, BMPr1 phosphorylates Smad-1,-5,-8, which forms a complex with Smad4 that translocates into the nucleus and regulates gene expression. In contrast, the p38 MAPK pathway involves a phosphorylation cascade with MAPK kinase kinase (KK), MKK3 or MKK6, and p38 MAPK, phosphorylated/activated p38 MAPK activating the expression of BMP-target genes.
Although it has been established that BMPs have a critical role in the processes by which pluripotent stem cells undergo commitment to the adipocyte lineage, little is known about the downstream signaling pathway(s) involved. Here, we provide compelling evidence that both BMP/Smad and BMP/p38MAPK pathways are involved in the transcriptional activation of target genes of the 
Results

BMP2 and BMP4 Induce Commitment of C3H10T1/2 Pluripotent Stem
Cells to the Adipocyte Lineage. As previously reported, BMP4 induces commitment of C3H10T1/2 stem cells into preadipocytes (15) . BMP2, a homologue of BMP4, has been implicated in the development/differentiation of osteoblasts, chondroblasts, and adipocytes. To compare their capacity to induce commitment of C3H10T1/2 cells into preadipocytes, cells plated at low density were treated with purified recombinant human BMP2 or BMP4 at levels of 10, 25, 50, or 100 ng/mL during proliferation. On reaching confluence, the standard adipocyte differentiation protocol (18) was applied. As illustrated in Fig. 1 , Ͻ5% of the C3H10T1/2 cells differentiated spontaneously in the absence of BMP2/4 or the differentiation inducers (MDI), whereas treatment with BMP2/4 induced commitment/differentiation in Ͼ80% of the cells. The basis for the low level of spontaneous commitment/differentiation is discussed in Materials and Methods. The results indicate that BMP4 was somewhat more potent than BMP2 as an inducer of commitment at Յ25 ng/mL; however, at higher levels, they are equally effective.
BMP2/4 Induces Adipocyte Commitment Through Type 1A and 2 BMP
Receptors. Signaling by BMPs is transduced via specific BMP receptors (r)1A or BMPr1B and BMPr2 (19, 20) . To determine which of these receptors initiate BMP-induced commitment, their expression by C3H10T1/2 stem cells was assessed by RT-PCR. As illustrated in Fig. 2A , these cells express BMPr1A and BMPr2, but not BMPr1B. Also, BMP2 induces the phosphorylation of Smad1/ 5/8 of p38 (Fig. 2B) , downstream targets in the BMP pathway.
BMPr1A and BMPr2 are serine/threonine kinases that undergo phosphorylation on ligand binding and, thus, activation of BMP-induced signal transmission. To ascertain whether overexpression of BMPr1A can initiate adipocyte lineage commitment in the absence of its BMP ligand, constitutively active (CA)-BMPr1A and CA-BMPr1B were expressed in C3H10T1/2 stem cells using a mouse stem cell virus (MSCV) retroviral system (Fig. 3A) . The expression of CA-BMPr1A and CABMPr1B mRNA was confirmed by RT-PCR using appropriate primers to distinguish expression of the constitutively active receptors from endogenous BMP receptors; specific antibodies for these receptors were not available. However, the functional effects of their expression, i.e., phosphorylation of Smad1/5/8 and p38 MAPK, verify overexpression of the constitutively active receptors (Fig. 3B) . Thus, their overexpression provoked a substantial rise in the phosphorylation of Smad1/5/8 and p38 MAPK, known downstream phosphorylated intermediates in the BMP signaling pathway (Fig. 3B) (16, 17) . Important in this context, overexpression of either BMPr1A or BMPr1B induced these changes in the absence of BMP2 or BMP4 treatment (Fig.  3B) . Thus, receptor overexpression led to commitment/terminal adipocyte differentiation as assessed by the accumulation of cytoplasmic triglyceride and expression of the specific adipocyte marker 422/aP2 ( Fig. 3 C and D) . It should be noted that although C3H10T1/2 stem cells do not express BMPr1B, like BMPr1A, its overexpression induces adipocyte lineage commitment ( Fig. 3 C and D) . For further support for their role in the commitment process, we found that dominant-negative (DN)-BMPr1A, which lacks the kinase domain, reduces phosphorylation/activation of Smad1/5/8 and p38 MAPK induced by BMP2 ( Fig. 4B ) and BMP4, as well as cytoplasmic triglyceride accumulation ( Fig. 4C ) and the expression of 422/aP2 (Fig. 4D ).
Smad Is Required for BMP-Induced Adipocyte Lineage Commitment of C3H10T1/2 Stem Cells. The Smads and p38 MAPK are intermediates in the BMP signaling pathways of various cell types (16, 17) . To assess their roles in adipocyte lineage commitment, proliferating C3H10T1/2 cells were treated with BMP after which phosphorylation of Smad1/5/8, and p38MAPK was assessed by immunoblotting. As illustrated in Fig. 2B , treatment with BMP2 rapidly (Յ5 min) induced phosphorylation of Smad1/ 5/8 and p38 MAPK. A previous study showed that BMP4 provoked a similar activation of phosphorylation (15) . Consistent with these findings, retrovirus induced overexpression of either BMPr1A or BMPr1B in the absence of exogenous BMP promoted phosphorylation of Smad1/5/8 and p38 MAPK (Fig. 3B) .
It has been established that on phosphorylation, Smad1/5/8 by BMPr1A or 1B form a complex with Smad4, which translocates to the nucleus to regulate target gene transcription. To ascertain whether this signaling pathway is required for the adipocyte commitment process, Smad4 expression was disrupted in proliferating C3H10T1/2 cells with Smad4 RNAi (Fig. 5A) . After reaching confluence, the cells were subjected to standard adipocyte differentiation protocol. It was found that Smad4 RNAi blocked commitment/differentiation into adipocytes ( Fig. 5 B and C) even at a BMP2 concentration that would normally induce adipocyte commitment of naive C3H10T1/2 cells (Fig. 1 ). These findings show that BMP/Smad signaling is required for BMP-induced adipocyte lineage commitment of C3H10T1/2 stem cells.
The p38MAPK Is Involved in BMP-Induced Adipocyte Lineage Commitment of C3H10T1/2 Stem Cells. The p38MAPK signaling also appears to participate in BMP-induced commitment. To assess the role of p38MAPK, 2 approaches were used: C3H10T1/2 stem cells were either treated with the specific p38MAPK inhibitor SB203580 or with a p38MAPK RNAi to knockdown p38MAPK expression. The p38MAPK inhibitor SB203580 almost totally prevented commitment/differentiation as assessed by the accumulation of cytoplasmic triglyceride (Fig. 6A ) and the expression of the adipocyte marker 422/aP2 (Fig. 6B) . Likewise, knockdown p38MAPK expression with RNAi ( Fig. 6C ) partially disrupted cytoplasmic triglyceride accumulation (Fig. 6D) and expression of the adipocyte marker protein 422/aP2 (Fig. 6E ). These findings indicate that p38MAPK is also involved in the BMPinduced signaling pathway leading to stem cell commitment, although the effect of its disruption is less than that of Smad. 
expressed proteins selected by computer-assisted analysis, and their identities determined by MS (see Materials and Methods).
The most highly up-regulated (Ϸ3-fold) protein was identified as LOX. Verification that expression of LOX is increased during BMP-induced commitment of C3H10T1/2 stem cells was confirmed in an independent experiment (Fig. 7A) . Also, knockdown of expression of LOX with RNAi abolished acquisition of the adipocyte phenotype as evidenced by the accumulation of cytoplasmic triglyceride, as evidenced by Oil Red O staining (Fig. 7C ) and adipocyte marker (422/aP2) expression (Fig. 7D) . Knockdown of expression of LOX with RNAi also prevented the commitment and terminal adipocyte differentiation of mouse embryonic fibroblasts (MEFs) as indicated by the suppressed expression of the adipocyte marker 422/aP2 (Fig. S1 ) and accumulation of cytoplasmic triglyceride. Further evidence that LOX is a targeted gene of BMP signaling pathway for adipocyte lineage commitment is shown by the fact that overexpression of CA-BMPr1A induced the expression of LOX, whereas overexpression of DN-BMPr1A prevented its induction (Fig. S2) . Also, blocking the BMP signaling pathway by knockdown of Smad4 (Fig. 5A) totally prevented the induction of LOX by BMP2 (Fig.  7E) , whereas a blockade of p38MAPK signaling pathway by knocking down expression of p38MAPK had only a small effect on LOX expression induced by BMP2 (Fig. 7E) . This result is consistent with the finding that BMP/Smad signaling has a dominant role in adipocyte lineage determination (Figs. 5 and 6 ).
Discussion
Adipocyte size and number increase with adiposity. The rise in adipocyte number results from recruitment of undifferentiated MSCs in the vascular stroma of adipose tissue. In other tissue contexts, these pluripotent MSCs have the potential to develop into osteocytes, myocytes, or chondrocytes (5, 21-23). During adipogenesis, development appears to occur in 2 stages, i.e., commitment of MSC stem cells to produce preadipocytes followed by differentiation of preadipocytes to produce adipocytes (6). Although both processes are complex, many steps in the differentiation phase have been characterized using 3T3-L1 preadipocytes in cell culture as a model system (6) . When induced to differentiate growth-arrested 3T3-L1, preadipocytes synchronously undergo multistep mitotic clonal expansion and DNA replication, cell cycle arrest, and finally, expression of proteins/enzymes that produce the adipocyte phenotype (6) . Far less is known about the steps by which MSC stem cells become preadipocytes. Our previous investigations indicate that the C3H10T1/2 cell line is a faithful model of MSC stem cell commitment both ex vivo and in vivo (14, 15) . These cells can be induced to undergo commitment in cell culture (15) and when implanted s.c. into athymic mice, conditions under which they give rise to tissue that is indistinguishable from endogenous adipose tissue (15) .
BMPs are members of the TGF-␤ superfamily that exert pleiotropic effects on cells during development including em- Dependence of stem cell commitment on p38MAPK signaling. (A and B) C3H10T1/2 stem cells were plated at low density, treated with a specific p38MAPK inhibitor SB203580 (10 M) before treatment with BMP2 (50 ng/mL). After reaching postconfluence, cells were induced to differentiate. Commitment and terminal differentiation were assessed by: staining of cytoplasmic triglyceride (A) and expression of an adipocyte marker protein (422/aP2) (B). (C-E) C3H10T1/2 stem cells were plated at 30% confluence and transfected with p38MAPK Stealth RNAi. After 24 h, cells were treated with BMP2 (50 ng/mL) until reaching postconfluence, and then were induced to differentiate using the adipocyte differentiation protocol. (C) Knockdown of expression of p38MAPK was verified by immunoblotting. (D and E) The effect on commitment and terminal differentiation was assessed both by staining of cytoplasmic triglyceride (D) and by expression of specific adipocyte marker protein (422/aP2) (E).
bryogenesis, organogenesis, and morphogenesis (24) . Previous reports from this (14, 15) and other laboratories (13, 25, 26) have provided compelling evidence for the participation of BMPs, notably BMP4, in the commitment to the adipocyte lineage. Exposure of proliferating C3H10T1/2 stem cells to BMP4 induces commitment into preadipocytes, which acquire adipocyte characteristics when treated with differentiation inducers (15) . Although BMP2, a homolog of BMP4, has been reported to promote commitment into osteoblasts, chondroblasts, and preadipocytes, its effects on adipocyte lineage commitment are controversial (25) (26) (27) (28) (29) (30) (31) . One report indicates that BMP2 can induce stem cells to commit to chondroblast, osteoblast, or adipogenic fates dependent on supplementation with cofactors (31). Thus, in combination with TGF-␤1, insulin, and ascorbic acid, BMP2 can produce the chondrocytic phenotype (31), or with rosiglitazone, a PPAR␥ agonist, BMP2 can induce stimulate adipogenic commitment/differentiation of MSCs (30) . In contrast, BMP2 and retinoic acid repress adipogenesis and promote osteoblast differentiation (29) . In the present report, we show evidence that BMP2, like BMP4, can induce commitment of C3H10T1/2 stem cells to the adipocyte lineage, although at a slightly higher concentration (Fig. 1) .
We show that BMP2/4 activates the expression and phosphorylation of downstream signaling intermediates of the BMP signaling pathway to initiate adipogenic commitment. Our findings demonstrate that: (i) BMPr1A and BMPr2 are expressed by naive C3H10T1/2 stem cells (Fig. 2) ; (ii) overexpression of CA-BMPr1A induces the adipocyte lineage commitment in the absence of exogenous BMP (Fig. 3) , whereas overexpression of DN-BMPr1A disrupts commitment (Fig. 4) ; (iii) blocking Smad signaling by knockdown of expression of Smad4 prevented commitment of C3H10T1/2 stem cells to the adipocyte lineage induced by BMP2/4 (Fig. 5) , whereas knocking down expression of p38MAPK only partially prevented commitment (Fig. 6) ; and (iv) proteomic analysis identified LOX as a downstream protein target whose expression is induced by BMP (Fig. 7) . LOX is a copper-containing amine oxidase that catalyzes covalent crosslinking of fibrillar collagens and elastin at peptidyl lysine residues in extracellular matrix formation. Our studies verify that expression of LOX is induced in stem cells treated by BMP2/4 (Fig. 7A) , Also, knockdown of LOX expression prevents adipocyte commitment and differentiation of MEFs (Fig. S1) , as well as C3H10T1/2 stem cells treated with BMP2/4. A model is proposed illustrating how BMP and LOX are involved in adipocyte lineage commitment and terminal differentiation (Scheme 1). The induction of LOX expression is consistent with microarray analysis by Urs et al. (32) , who showed that expression of LOX is substantially higher in human preadipocytes compared with adipocytes. These findings implicate LOX as an early marker of the adipogenic commitment process.
Materials and Methods
Cell Culture, Induction of Commitment/Differentiation, and Oil Red O Staining. Commitment was induced with BMP2 or BMP4 and cells stained as described (15) . There are small discrepancies in the levels expression of aP2 and autod- ifferentiation between control 10T1/2 cells treated with MDI (as illustrated in Figs. 1D, 3D , and 4D). Our experience over many years indicates that these small discrepancies result from epigenetic drift with increasing passage number; as passage number increases, a small fraction (2-5%) of the cells acquire the capacity to autodifferentiate spontaneously. This phenomenon also depends on the serum source. Although we carefully test and select our serum sources to minimize this effect, some variability persists.
Differentially Expressed Genes Induced by BMP During Commitment. C3H10T1/2 cells were cultured in DMEM containing 10% calf serum without or with purified recombinant BMP2 (50 ng/mL) or BMP4 (10 ng/mL). At postconfluency, cell extracts in lysis buffer [9 M urea/2% CHAPS/0.5% DTT/014% PMSF and 2% IPG buffer (pH3-10)], 2-DE analysis was performed (33) , and gels stained with CBB. Stained gels were scanned and analyzed with ImageMaster software (Amersham Pharmacia). By comparing the BMP treated and untreated samples, protein spots were selected, excised, trypsin digested, and measured with ABI 4700 MALDI TOF MS. Data were searched with MASCOT (Matrix Science) against National Center for Biotechnology Information nonredundant protein sequence database, and the automatic data analysis and data searching were performed by the GPS Explore software. Eight genes were found to be up-regulated by BMP2 and 28 genes by BMP4, whereas 5 genes were up-regulated by both BMP2/4. LOX was the most prominent gene required during the adipocyte lineage commitment.
Construction of Expression Plasmids and Generation of Retrovirus.
Plasmids containing CA-BMPr1A (CA-BMPr1A-pCMV5, ALK3, Q233D), CA-BMPr1B (CABMPr1B-pCMV5, ALK6, Q203D), or DN-BMPr1A (DN-BMPr1A-pCDNA3, CFK23a) were provided by Linzhao Cheng (Johns Hopkins University). The cDNAs were generated by PCR using the following primers. Ca-BMPr1A: (i) 5Ј-CGAAGATCTATGCCTCAGCTATACATTTACAT-3Ј and (ii) 5Ј-CGACTCGAGTCAGATTTTTACATCTTGGGAT-3Ј; Ca-BMPr1B: (i) 5Ј-CGAA-GATCTATGCTCTTACGAAGCTCTGGA-3Ј and (ii) 5Ј-CGACTCGAGTCAGAGTT-TAATGTCCTGGGA-3Ј; DN-BMPr1A: (i) 5Ј-CGAAGATCTACGTGCGAATTGGA-CAATGA-3Ј and (ii) 5Ј-CGACTCGAGTTAAGCGTAGTCTGGGACGTCG-3Ј.
The PCR products were cloned into MSCV retroviral vectors with BglII and XhoI and added to the C3H10T1/2 stem cells with polybrene at a final concentration of 8 g/mL as described (34) .
Immunoblotting and RT-PCR.
Immunoblotting and RT-PCR were performed as described (34) . Primers for detecting endogenous types 1A, 1B, and 2 BMP receptors were as follows.
BMPr1A: (i) 5Ј-GCGAACTATTGCCAAACAG-3Ј and (ii) 5Ј-GAGGTGGCACA-GACCACAAG-3Ј; BMPr1B: (i) 5Ј-GACACTCCCATTCCTCATC-3Ј and (ii) 5Ј-GCTATTGTCCTTTGGACCAG-3Ј; BMPr2: (i) 5Ј-AATCAAGAACGGCTGTGT-GCA-3Ј and (ii) 5Ј-CATGCTGTGAAGACCCTGTTT-3Ј.
Primers for CA type 1A and 1B BMP and DN BMP receptor (downstream primer of CA-BMPr1A and DN-BMPr1A contained part of vector sequence) were as follows.
CA-BMPr1A: (i) 5Ј-ATCGGTGGAACAGTGATG-3Ј and (ii) 5Ј-GGCTTCGGC-CAGTAA-3Ј; CA-BMPr1B: (i) 5Ј-TCTGGAATGCCTGTTGTC-3Ј and (ii) 5Ј-TGGGGTGGAGGTCTTTA-3Ј; DN-BMPr1A : (i) 5Ј-GCAAGGATTCACCAAAAGC-3Ј and (ii) 5Ј-TTAAGCGTAGTCTGGGACG-3Ј; ␤-actin: (i) 5Ј-TTCGCGGGCGACGAT-GCT-3Ј and (ii) 5Ј-CGGTTGGCCTTAGGGTTCA-3Ј.
RNA Interference. Synthetic siRNA oligonucleotides specific for regions in the Smad4 and p38 MAPK mRNA were designed and synthesized by Invitrogen Stealth RNAi. The silencing effects of several siRNA oligonucleotides were screened and tested initially for their ability to knockdown expression of Smad4 or p38 MAPK by immunoblotting. The sequences for successful RNAi knockdown were: RNAi-1: CAUACACACCUAAUUUGCCUCACCA and RNAi-2: CACCUGGAAUUGAUCUCUCAGGAUU for Smad4; CCUUUGAAAGCAGGGAC-CUUCUCAU for p38 MAPK; GCGGAUGUCAGAGACUAUGACCACA for LOX RNAi. Stealth siRNA Negative Control Duplexes with a similar GC content are used as a controls. C3H10T1/2 stem cells were transfected at 30 -50% confluence with siRNA oligonucleotides by using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions.
